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A very high resolution vacuum flat-crystal spectrometer was constructed for analyzing soft x rays
emitted by an electron beam ion trap. The spectrometer was designed to operate at large Bragg
angles~u<85°! in order to maximize the spectral dispersion and thus the resolving power. Using a
quartz~100! crystal at a Bragg angle of 82°, a measurement of the 2p1/2, 2p3/2→1s1/2 transitions in
hydrogenic Mg111 situated near 8.42 Å was made. The nominal resolving power of the instrument
was better than 30 000 allowing us to infer the ion temperature~246620 eV! from the observed line
widths. A comparison with an existing flat-crystal spectrometer demonstrates the great improvement
in resolving power achieved. ©1997 American Institute of Physics.@S0034-6748~97!67701-1#
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I. INTRODUCTION

Recently, it was shown that the temperature of the io
confined in an electron beam ion trap~EBIT! can be much
lower than the energy of the electron beam used to prod
and excited the ions. Temperatures as low as 70 eV w
measured for Ti201 ions excited by 4.0 keV electrons.1,2 The
measurements were made using very high resolution cry
spectrometers in the von Ha´mos geometry operating in
helium atmosphere.3,4 These spectrometers were sensitive
x rays with wavelength less than 5 Å. In order to perfo
measurements of the ion temperature of low-Z ions which
emit x radiation in the wavelength region above 5 Å, ve
high resolution instruments are necessary that operatin
vacuoto avoid x-ray absorption by air. In the following, w
describe the design and operation of such a spectromete
use it to determine the temperature of Mg111 ions excited by
5 keV electrons. The measurements demonstrate signifi
improvements in resolving power over existing flat-crys
spectrometers and illustrate that very precise, high-resolu
spectral measurements are possible with the new instrum
in the soft x-ray range above 5 Å.

II. SPECTROMETER DESIGN

Compared to many high-temperature plasma sources
EBIT device is a relatively weak x-ray source, and efficie
recording of x rays is a necessity. The EBIT device emplo
a compressed electron beam to excite electrostatic
trapped ions.5 X rays are emitted from the region in whic
the ions interact with the electron beam. The dimensions
this region are determined by the 2 cm length of the trap
the 60mm diameter of the electron beam. The source dim
sions are thus slitlike and well matched for a flat-crys
spectrometer, and such a spectrometer has been in succ
Rev. Sci. Instrum. 68 (1), January 1997 0034-6748/97/68(1)/1077
s

ce
re

tal

nd

nt
l
n
nt

he
t
s
lly

of
d
-
l
sful

operation for several years on EBIT.6 This flat-crystal spec-
trometer operatesin vacuoand is sensitive to x rays with
wavelength above 5 Å.6 The instrument, however, affords
resolving powerl/Dl which is typically less than 2000. In
designing a new, very high resolution vacuum-type sp
trometer, we have kept the basic design of the existing E
flat-crystal spectrometer, while greatly increasing the ran
of attainable Bragg angles.

Crystal spectrometers obey Bragg’s law:

nl52d sin u. ~1!

Hered is the lattice spacing of the crystal andn is the order
of reflection of a line with wavelengthl at a Bragg angleu.
Consequently, the resolving power of a spectrometer is gi
by

l/Dl5tan u/Du, ~2!

whereDu represents the angular resolution of the instrume
An increase in the resolving power can be achieved in t
ways, either by decreasingDu or by increasing tanu. The
angular resolutionDu is a function of the spatial resolutio
of the detector, the source width, and the resolving powe
the crystal, and generally is inversely proportional to t
overall dimensions of the spectrometer. The resolving po
of the spectrometer can thus be improved by increasing
overall dimensions of the instrument. The value of tanu can
be increased by measuring at large Bragg angles. Espec
desirable is to operate the spectrometer at Bragg angles
proaching 90° where tanu→`. In the design of our new high
resolution flat-crystal spectrometer, we have implemen
both options. We increased the overall dimensions of
1077/3/$10.00 © 1997 American Institute of Physics
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spectrometer and modified the existing EBIT flat-crys
spectrometer design to accommodate Bragg angles near

Figure 1 shows a schematic of the new high-resolut
flat-crystal spectrometer. Like in the existing instrument,6 the
diffraction plane is oriented perpendicular to the electr
beam. Easy alignment is achieved by rotating the crystal
position-sensitive detector around a common pivot point
ing a vacuum feedthrough. Unlike in the existing spectro
eter, where the point of rotation is located next to the
trance port,6 the point of rotation is located at the far end
the entrance port. As a result, it is possible to situate
detector at a Bragg angle as large as 85°. This contrasts
the existing spectrometer where the maximum attaina
Bragg angle was 63°.6 Moving the point of rotation further
away from the entrance of the spectrometer also incre
the distance between the EBIT source and the detector. In
present design, this distance is about 160 cm, which is
increase by a factor of 3. An increase in the total source
detector distance decreases the flux of photons reaching
detector. However, the decrease is compensated by oper
at large Bragg angles, where the crystal reflectivity is
hanced. Like in the existing spectrometer, a free-standing
mm-diam foil is used to separate the spectrometer vacu
~531026 Torr! from the high vacuum of the EBIT vesse
~;10210 Torr!, and a by-pass pumpline~cf. Fig. 1! is em-
ployed during the evacuation of the spectrometer to main
nearly equal pressure on both sides of the foil. We use ei
a 1mm polyimide foil or a 0.5mm mylar foil. These foils are
sufficiently thin to allow detection of x rays with energies
low as the carbonK edge. The detector is similar to the on
used in the existing flat-crystal spectrometer. Its spatial re
lution is about 250mm. Placing the detector 160 cm awa
from the EBIT source provides an angular resolution
Du51.631024 rad and corresponds to a nominal resolvi
powerl/Dl56400 at a Bragg angle of 45°.

III. PERFORMANCE AND SPECTRAL
MEASUREMENTS

To illustrate the performance of the new spectromete
measurement of the 2p1/2, 2p3/2→1s1/2 ~Ly-a1 and Ly-a2,

FIG. 1. Schematic layout of the new flat-crystal spectrometer on the E
facility. The electron beam direction is out of the page and represen
60-mm-wide line source so that no entrance slit is needed. Crystal and
tector rotate about a common pivot point at the opposite end of the entr
port. This permits setting the detector to Bragg angles as large as 85°
1078 Rev. Sci. Instrum., Vol. 68, No. 1, January 1997
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respectively! transitions in hydrogenic Mg111 was made. The
transitions are situated atl58.424 61 and 8.419 20 Å
respectively.7 For the measurement, we used a 234 cm2

quartz~100! crystal with a lattice spacing 2d58.5099 Å. The
spectrometer was adjusted to a nominal Bragg angle of 8
and the detector placed 25 cm away from the crystal. T
distance between EBIT and the crystal was about 93 cm.
nominal resolving power at this Bragg angle thus was be
than 30 000.

Hydrogenic Mg111 ions confined in a 200 V deep axia
potential well were produced and excited in the EBIT dev
in the interaction with a 92 mA, 5.0 keV electron beam. T
spectrum recorded with the new instrument is shown in F
2. The two Ly-a lines are completely resolved. By contras
we measured the same lines with the existing flat-cry
spectrometer. The resulting spectrum is also shown in Fig
For this measurement, we used a 2.535 cm2 ammonium di-
hydrogen phosphate~ADP! crystal cut to the~101! plane
with a lattice spacing 2d510.65 Å. The corresponding
Bragg angle was 52°. In this measurement, the two Lya
lines are not resolved, although a slight asymmetry can
noted. The comparison between the two spectra in Fig
illustrates the dramatic differences in resolving powers. T
difference is in large part due to the differences in Bra
angle at which the measurements were made, as the
tan~82°!/tan~52°! provides an increase in resolving power b
a factor of 5.5.

The width of the each of the two Ly-a lines is found to
equal 2.23 mÅ. Assuming the width is the result of therm
Doppler broadening, we can determine the temperatureTi of
the Mg111 ions from the relation

Ti51.67983108 m ~Dl/l!2 @eV#, ~3!

T
a
e-
ce

FIG. 2. Spectra of the 2p1/2,→1s1/2 Ly-a1 and 2p3/2→1s1/2 Ly-a2 transi-
tions in hydrogenic Mg111. The top spectrum was recorded with the existi
EBIT flat-crystal spectrometer using an ADP~101! crystal at a Bragg angle
of 52°. The bottom spectrum was recorded with the new EBIT flat-cry
spectrometer using a quartz~100! crystal at a Bragg angle of 82°.
Plasma diagnostics
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wherem is the mass of the ion in atomic mass units. F
magnesium,m524.3. We findTi5246620 eV from the mea-
sured line width after correcting for the intrinsic resolution
131024 of the quartz~100! crystal. To test the assumptio
that the broadening is indeed caused by thermal Dop
broadening, we injected germanium into the trap and stud
the line emission from neonlike Ge221. The 3p1/2→2s1/2
transition in neonlike germanium falls in the same wav
length region as the two Ly-a lines,8,9 and thus the germa
nium line can be measured with exactly the same spectr
eter settings as the magnesium lines. Because germaniu
heavier~m572.6!, we expect the observed width to be si
nificantly smaller than that of the magnesium lines given
same temperature. Indeed, we find the width of the ger
nium line to be 1.66 mÅ, i.e., 0.57 mÅ less than that of t
magnesium lines. This is not as small as expected if the
from both elements have the same temperature, and it
indicate that the germanium line width is limited by the i
strumental resolution or that the heavier, higher charged
are indeed hotter, as expected from the fact that they
trapped more deeply than the magnesium ions. Neverthe
the smaller line width for the germanium line validates o
results for magnesium and proves the utility of the new sp
trometer for making precise, high-resolution spectral m
surements.
Rev. Sci. Instrum., Vol. 68, No. 1, January 1997
r

er
d

-

-
is

e
a-

ns
ay

ns
re
ss,
r
c-
-

ACKNOWLEDGMENTS

This work was performed by the Lawrence Livermo
National Laboratory under the auspices of the Departmen
Energy under Contract No. W-7405-ENG-48 and was s
ported by the NASA X-Ray Astronomy Research and Ana
sis Program under Grant No. NAGW-4185. The authors a
gratefully acknowledge support from K. J. Reed and
Lawrence Livermore National Laboratory Collaboratio
Program for Historically Black Colleges and Universities.

1P. Beiersdorfer, V. Decaux, S. Elliott, K. Widmann, and K. Wong, Re
Sci. Instrum.66, 303 ~1995!.

2P. Beiersdorfer, V. Decaux, and K. Widmann, Nucl. Instrum. Metho
Phys. Res. B98, 566 ~1995!.
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